[1] Silicon and oxygen are potential light elements in the Earth's core and may be involved in metal-silicate reactions at the present day core-mantle boundary. We have performed multianvil experiments at 25 GPa and 2770-3080 K to understand the simultaneous partitioning of these elements between liquid iron-rich metal and silicate melt. The presence of O in liquid Fe at high temperatures influences the partitioning of Si, causing more Si to partition into the metal than would be expected based on lower temperature measurements. Although Si and O are mutually exclusive in Fe metal at <3000 K, the level at which both element concentrations are similar in the liquid metal rises above 1 wt % at >3000 K. We have developed a thermodynamic model based on these experiments that accounts for the interaction between O and Si in the liquid metal. Comparison between this model and the previous results of diamond-anvil cell experiments up to 71 GPa indicates very little pressure dependence but a strong temperature dependence for O and Si partitioning. Our model predicts that subequal concentrations of Si and O, sufficient to explain the outer core density deficit, would have partitioned into core-forming metal if equilibration occurred between the metal and a magma ocean with a bulk silicate Earth composition at an average depth of~1200 km (~50 GPa and~3300 K). An O-and Sienriched buoyant layer may have developed at the top of the outer core as a result of subsequent equilibration with the overlying mantle. Citation: Tsuno K., D J. Frost, and D. C.
Introduction
[2] The density of the Earth's outer core is known to bẽ 10% lower than the density of pure Fe-Ni alloy at the relevant pressure-temperature conditions [e.g., Anderson and Isaak, 2002] . This leads to the conclusion that the outer core consists of liquid Fe alloy that contains significant concentrations of one or more light elements. Constraining the light-element budget of the outer core is of fundamental importance for understanding the structure and dynamics of the core and the chemical evolution of the Earth. Light elements that have been identified as potential components of the core include silicon and oxygen [e.g., Poirier, 1994] . Arguments for the presence of Si in the core are based on geochemical constraints, such as the superchondritic Mg/Si ratio of the bulk silicate Earth [e.g., Allègre et al., 1995] , silicon isotope differences between terrestrial mantle samples and carbonaceous chondrites [e.g., Georg et al., 2007; Fitoussi et al., 2009] , and element partitioning during core formation [e.g., Rubie et al., 2011] . Arguments for O being the main light element are based on ab initio calculations and high-pressure experiments. The ab initio calculations of Alfè et al., [2002] indicate that O partitions strongly from the solid inner core into the liquid outer core, and, unlike Si, can explain observed density differences and seismic data. On the other hand, a two-phase ab initio study of metal and silicate liquids has demonstrated that the partitioning of O into the Fe-metal liquid is very limited, at least at 3100 K [Zhang and Guo, 2009] . A high-pressure experimental study using inelastic X-ray scattering supports the presence of oxygen in the core [Badro et al., 2007] , whereas an X-ray diffraction study [Sata et al., 2010] precludes it. Recent shock experiments also appear to exclude O as the main light element [Huang et al., 2011] .
[3] The concentrations of Si and O in the Earth's core must have been established during the early differentiation of the Earth. During formation of the Earth's core, light elements partitioned between silicate melt and segregating liquid metal, probably near the base of magma oceans that formed as a consequence of large high-energy impacts that characterized accretion [e.g., Rubie et al., 2007 Rubie et al., , 2011 . Therefore, knowledge of the partitioning of Si and O between liquid Fe alloy and silicate melt is necessary to estimate the concentrations of these light elements in the Earth's core. The partitioning of oxygen [Rubie et al., 2004; Asahara et al., 2007; Frost et al., 2010; Tsuno et al., 2011] and silicon [Wade and Wood, 2005; Mann et al., 2009] into liquid Fe alloy has been studied separately over a wide range of conditions. However, none of these studies have addressed the possibility that the partitioning of silicon into liquid metal could be influenced significantly by its oxygen concentration and vice versa. Several studies have been performed in which both elements were present in detectable concentrations [Li and Agee, 2001; Takafuji et al., 2005; Kawazoe and Ohtani, 2006; Bouhifd and Jephcoat, 2011; Ricolleau et al., 2011; Siebert et al., 2012] . However, in several of these studies [Li and Agee, 2001; Kawazoe and Ohtani, 2006; Ricolleau et al., 2011] the mutual concentrations of Si and O were low (e.g., <1 wt %) due to relatively low temperatures. In the study of Takafuji et al., [2005] , only silicate perovskite coexisted with liquid metal, which makes it difficult to determine oxygen fugacity, which is a critically important controlling parameter. Previous partitioning studies in the diamond anvil cell have generally focused on collecting data as a function of pressure and temperature, whereas data collected as a function of oxygen fugacity at a single pressure and temperature are required for deriving a robust model for the combined partitioning of O and Si.
[4] To investigate the simultaneous partitioning of Si and O between silicate melt and liquid Fe alloy and possible thermodynamic interactions between these elements in liquid Fe, temperatures of a least 3000 K are required to obtain concentrations of >1 wt %. Such temperatures are at the limit of what is currently obtainable with the multianvil apparatus but are potentially at the lower end of the temperature range over which core formation occurred . Here we present new experimental results describing Si and O partitioning between liquid Fe and silicate melt at 25 GPa and up to 3080 K using a multianvil apparatus. A new thermodynamic model is derived from the data that provides an insight into the concentrations of these elements in Earth's core.
Experimental Technique
[5] High-pressure experiments were performed using a 1000 tonne Kawai-type multianvil apparatus at 25 GPa and over the temperature range 2770-3080 K. The starting materials were mixtures of pure Fe metal, MgSiO 3 glass, SiO 2 powder, and wüstite obtained by the reduction of hematite in a gas-mixing furnace (see Table 1 for compositions). The starting materials were loaded into single crystal MgO capsules, rather than semi-sintered polycrystalline MgO capsules, to minimize the reaction between silicate melt and the capsule wall. The sample assembly consisted of a Cr-doped MgO octahedron with edge lengths of 10 mm, and the corresponding truncation edge lengths of the WCanvils were 4 mm. Pressure was calibrated as described by Keppler and Frost [2005] . The cylindrical heater consisted of LaCrO 3 but the customary ZrO 2 insulating sleeve around the heater was dispensed with in order to avoid reaction between LaCrO 3 and ZrO 2 that occurs at high temperatures. To also avoid chemical reaction at high temperatures, thermocouples were not used and instead temperatures were estimated from a power-temperature relationship. The latter was calibrated up to~3100 K in separate experiments, using W3%Re-W25%Re (Type D) thermocouples giving T (K) = 912.75 + 2.858 Â W (Watt) between 2700-3100 K and 25 GPa, with a reproducibility of AE5%. The recovered samples were analyzed using a scanning electron microscope (LEO 1530) for textural observations, and an electron microprobe (JEOL JXA-8200) for chemical analysis. The microprobe was operated at a 15 kV accelerating voltage, 15 nA beam current and counting times of 20 s. Standards used for analyzing metal were periclase for O, pure iron for Fe, andradite for Si, enstatite for Mg and for analyzing quenched silicate melt, fayalite was used for Fe and enstatite for Si and Mg. When analyzing oxygen, we found the relative intensity of the O Ka peak to be strongest at 15 kV using a LDE1 spectroscopy crystal. The peak count was found to remain constant over periods of 30 s. We observed no O peak shift between the periclase (standard) and the O-bearing Fe-alloy (sample).
Results
[6] The experimental conditions and the chemical compositions of coexisting quenched liquid Fe alloy and silicate melt are summarized in Table 1 . The resulting phase assemblages at high P-T consisted of liquid Fe alloy + silicate liquid + ferropericlase (Supporting Information, Figure S1 ). The metal typically segregates to form one large semi-spherical pool and numerous smaller pools (Supporting Information, Figure S1a ). The quench texture of silicate liquid was similar in all experiments (Supporting Information, Figure S1b ). Two types of quench textures were observed in the metal phase. At relatively lower temperatures (<3000 K),~5 mm-diameter Fe-Si-O blobs exsolved from the metal during the quench (Supporting Information, Figures S1c and S1d), as described previously [O'Neill et al., 1998; Gessmann and Rubie, 1998 ]. Note that the blobs in the quenched liquid metal cannot be material entrained from the surrounding silicate melt because their magnesium concentrations are essentially zero (based on electron microprobe analyses using a focused beam; see Table S1 in the Supporting Information). Also, the blobs did not originate as a coexisting immiscible oxide-rich liquid at the experimental conditions because, in this case, textures would be quite different [e.g., Figure 9 of Frost et al., 2010] . At temperatures >3000 K, the exsolved oxide phase is present as needle-like Fe-Si-O dendrites~10 mm long (Supporting Information,Figures S1e and S1f). The large metal pools typically display a rim that is free of blobs or dendrites (Supporting Information, Figures S1c and S1e) because the exsolved Fe-Si-O component re-equilibrates with the silicate liquid during quenching [O'Neill et al., 1998 ]. The smaller metal pools ( Figure S1a ) often have very low concentrations of Si and O because of extensive re-equilibration with silicate melt during quenching. For this reason only the larger Fe-liquid pools were analyzed for light elements.
[7] Concentrations of Si and O in the liquid metal were determined by performing image analysis and integrating the compositions of metal matrix and exsolved blobs when the blobs were sufficiently large (H2940) [O'Neill et al., 1998 ]. For the other samples, the quenched metal was analyzed using a defocused electron beam (20 or 50 mm diameter). Measured solubilities range up to~4 wt % for Si and~5 wt % for O (Table 1) .
[8] The partitioning of Si between silicate and metallic liquids can be described by the equilibrium
from which a Si distribution coefficient, K D(Si) , can be defined, which should be nominally independent of oxygen fugacity ( f O 2 )
[9] Here x met Si is, for example, the mole fraction of Si in the metallic liquid. Figure 1 shows log K D(Si) plotted as a function of the O content of the liquid metal at 25 GPa and 2770-3080 K. Although the Si content of the metal decreases with increasing O content (see Table 1 ), as expected [ Figure 10 of O'Neill et al., 1998 ], logK D(Si) actually increases with increasing O content of the metal (Figure 1) . Note that increasing O in the metal is equivalent to an increase in both log f O 2 and the silicate FeO content. However, experiments performed at relatively low temperatures, where very little O partitions into the metal, have shown that log K D(Si) is independent of these two parameters [Mann et al., 2009; Ricolleau et al., 2011] . As the temperatures in all our experiments (with the exception of H2870) are similar, the results indicate that K D(Si) is dependent on the O content of the metal, i.e., the presence of O in liquid metal increases the Si content at a given constant f O 2 .
Discussion
[10] In order to understand the behavior and interaction of Si and O during core formation, a thermodynamic model is required that describes the partitioning of both elements as a function of either oxygen fugacity or the FeO content of the silicate melt. Two equations describing the partitioning of each element must be solved simultaneously in order to determine the concentration of each element in the metal. The most meaningful approach is to use equations which are internally consistent with each other, with activity-composition expressions that satisfy the Gibbs-Duhem equation. The Si equilibrium constant, K(Si), can be defined in terms of the distribution coefficient K D(Si) and the activity coefficients (g) of the components in the silicate and metallic phases
[11] Oxygen partitioning is described through the equilibrium
for which the oxygen equilibrium constant, K(O), is defined by 
[12] Silicate melt activity coefficients in both equations (3) and (5) are considered to be unity as they cannot be determined independently with any accuracy at the conditions of the experiments. The activity coefficients (g) for Fe, Si, and O in a ternary metallic alloy are expressed using the modified Wagner equations of Ma [2001] , as has become standard practice D(Si) are based on the 1s standard deviation of the electron microprobe analyses. Each data point is labeled with the experimental temperature in K. The solid line shows the thermodynamic model calculated using equations (3) and (5) at 25 GPa and 3000 K. The dashed line shows the thermodynamic model of Ricolleau et al. [2011] calculated at 25 GPa/3000 K over the same range of melt FeO contents as the experiments and the solid curve. (b) The thermodynamic model calculated at 25 GPa and 3000 and 3300 K is compared with the laser-heated diamond anvil cell results of Siebert et al. [2012] (S12, open diamonds) and Bouhifd and Jephcoat [2011] (BJ11, open squares). Each individual data point is labeled with the experimental pressure and temperature (P/T) in GPa and K.
and for O and Si,
where x i is the mole fraction of component i in liquid Fe and j signifies O when i is Si and vice versa. Activity coefficients at infinite dilution in liquid Fe alloy are designated by g Frost et al. [2010] , with P in GPa and T in K. The silicon equilibrium constant is formulated at 25 GPa using the expression log K(Si) =-16,800/T, which was refined from the data of this study.
[14] The curve determined from the simultaneous solution of equations (3) and (5) using the parameters described above and calculated at 3000 K is shown in Figure 1 . The calculation is made for melt FeO contents of a similar range to those of the experimental data. As can be seen the model provides a good fit to the O contents of the liquid alloy and K D(Si) over the experimental range of melt FeO contents, particularly when considering experimental temperature uncertainties of~150 K. The model also reproduces the apparent effect of O on K D(Si) over the range of melt FeO contents. The recent model of Ricolleau et al. [2011] is also shown in Figure 1a calculated, for comparison, at the same conditions and melt FeO concentration range. This model is in poor agreement with our data and reproduces poorly both the absolute O content of the metal for a given melt FeO content and the relationship between O and Si concentrations. This is because the model does not take suitable account of the interactions between O and Si, most likely as a result of the low mutual concentrations of O (0-1 wt %) and Si (0-1.6 wt %) in the experiments of Ricolleau et al., [2011] . In addition, the concentrations determined at 1 atmosphere that were used to derive data published in the Steelmaking Data Sourcebook, used by Ricolleau et al. [2011] , were far lower than the concentrations at which O and Si interactions should be detectable.
[15] Liquid metal -liquid silicate partitioning data for O and Si obtained from laser-heated diamond anvil cell experiments at 35-71 GPa and 3100-4300 K [Siebert et al., 2012] are shown in Figure 2b . Diamond anvil cell data obtained at 24.5-28.9 GPa and 2500-2800 K [Bouhifd and Jephcoat, 2011] are also shown, although it has been suggested that their sample analyses may be in error [Wade and Wood, 2012] . Our model calculations at 25 GPa and 3000 and 3300 K compare well with the results of both these diamond anvil cell studies (Figure 2b) , especially considering the likely experimental temperature uncertainties of >100 K. In addition there is no systematic deviation between the model and the data of Siebert et al. [2012] implying agreement within the experimental uncertainties. We note that the Siebert et al. [2012] data point at 4300 K and 62 GPa is seemingly inconsistent with the rest of the data and with the trend predicted by the model and one data point at 4400 K and 74 GPa has been excluded because it falls far outside of the O range over which the model has been calibrated. Given the generally good agreement between the model at 25 GPa and the available high-pressure experimental data, at least to 71 GPa, we conclude that the effect of pressure on O and Si partitioning is small and is minor in comparison with the effect of temperature.
[16] We have calculated the combined Si and O contents of liquid Fe metal in equilibrium with a peridotitic silicate liquid with a range of FeO contents and X SiO2 = 0.38 using the above thermodynamic model at 25 GPa and temperatures from 2750 to 3500 K (Figure 2 The experimental data of this study (25 GPa) are plotted as filled circles, each of which is labeled with temperature (K). The solid lines show the thermodynamic model calculated at temperatures from 2500 to 3500 K. Also shown as two dashed lines are the relations between the Si and O contents required to account for 7 and 10% density deficits of Earth's outer core [Poirier, 1994] . The crosses on the solid lines show the Si and O contents in metal that is equilibrated with silicate liquid with 8 wt % FeO, i.e., corresponding to the present-day mantle composition. et al., 1998 ]. However, as temperature increases to 3000 K, the level at which the Si and O concentrations in the metallic liquid are equal starts to exceed 1 wt %. This equal concentration level increases rapidly with temperature above 3000 K and reaches levels compatible with an outer core density deficit of 7-10% at 3300-3500 K. The equal concentration level is quite close to the concentrations expected for equilibrium with a silicate melt FeO concentration of 8 wt.% (marked by crosses in Figure 2 ), i.e., that of the present day mantle. This implies that the core's density deficit could be caused by significant concentrations of both Si and O if the average metal-silicate equilibration temperature exceeded 3300 K. Assuming that metal-silicate equilibration occurred close to the peridotite liquidus and that pressure has a negligible effect on partitioning (as discussed above), the minimum average equilibration pressure would then be 45-55 GPa [Andrault et al., 2011; Liebske and Frost, 2012] . On the other hand, if metal-silicate equilibration during core formation occurred at relatively low pressures and temperatures, e.g., 22.5 GPa and 2673 K [Righter et al., 2010] , mutual concentrations of both Si and O in the core would both be~0.2 wt %.
[17] Assuming that pressure has little effect on the mutual partitioning of O and Si, as implied by the available highpressure data, our thermodynamic model can be used to examine plausible present-day core-mantle interactions. Estimates for the outermost core temperature are generally in the range 3500-4500 K [Boehler, 1992 [Boehler, , 1993 Zerr et al., 1998; Alfè et al., 2002; van der Hilst et al., 2007] . If the outer core is in equilibrium with a silicate mantle of typical FeO content (~8 wt %) then at these temperatures the outer core would dissolve much more Si and O than the estimated 10 % density deficit would imply (Figure 2 ). This might have led to the early development of a Si-and O-enriched low-density layer at the top of the outer core [Buffett and Seagle, 2010] . As the outer core cools and the equilibrium lightelement contents of this layer decrease, the base of the mantle would then become enriched in FeO and SiO 2 that are released from this outer layer.
